ABSTRACT Beefheart aconitase, isolated under aerobic conditions, has been studied with Mossbauer and EPR spectroscopy. In the oxidized state, the enzyme exhibits an EPR signal at g = 2.01. The Mossbauer data show that this signal is associated with a 3Fe cluster. In dithionite-reduced aconitase, the 3Fe cluster, probably ofthe In the past few years, it has been recognized that many features ofFe-S proteins cannot be understood in terms ofthe structural types known for these proteins-i.e., FeS4, [2Fe-2S], [4Fe-4S], or 2[4Fe-4S].The occurrence of 3Fe clusters has been reported for a few proteins, of which ferredoxin I of Azotobacter vinelandii (1), ferredoxin II ofDesulfovibrio gigas (2), and beefheart aconitase (3) are probably the most intensively studied. X-ray diffraction studies on A. vinelandii ferredoxin (Fd) show that these clusters have a [3Fe-3S] core (4). The decisive spectroscopic evidence for the presence of a [3Fe-3S] center has been the observation ofan EPR signal at g = 2.01 in oxidized samples together with the unique Mossbauer spectra that these structures yield in the reduced state (5).
unique features reported for proteins with 3Fe clusters. On activation of aconitase with ferrous ion, the paramagnetic 3Fe cluster of dithionite-reduced enzyme is converted into a diamagnetic (S = 0) form. Activation studies with iron enriched in either 57Fe
or ' In the past few years, it has been recognized that many features ofFe-S proteins cannot be understood in terms ofthe structural types known for these proteins-i.e., FeS4, [2Fe-2S], [4Fe-4S], or 2[4Fe-4S].The occurrence of 3Fe clusters has been reported for a few proteins, of which ferredoxin I of Azotobacter vinelandii (1) , ferredoxin II ofDesulfovibrio gigas (2) , and beefheart aconitase (3) are probably the most intensively studied. X-ray diffraction studies on A. vinelandii ferredoxin (Fd) show that these clusters have a [3Fe-3S] core (4) . The decisive spectroscopic evidence for the presence of a [3Fe-3S] center has been the observation ofan EPR signal at g = 2.01 in oxidized samples together with the unique Mossbauer spectra that these structures yield in the reduced state (5) .
Beef heart aconitase has properties not found in other proteins thought to contain [3Fe-3S] clusters. As obtained on routine purification, it is enzymatically inactive, but it can be reactivated by a number oftreatments; all ofwhich have in common the reduction of the Fe-S cluster (6, 7) . Although inclusion of iron in the activation medium yields the highest activities, iron does not appear to be an obligatory ingredient of such media; activities up to 70% of maximum can be induced by some reducing agents alone (6, 7) . We have now studied, by M6ssbauer spectroscopy, aconitase samples reduced and activated in a variety of ways. Only samples reduced and activated with dithionite (' 30% of maximal activity) have the Mossbauer features characteristic of [3Fe-3S] centers. Those activated with dithiothreitol/Fe2", dithionite/Fe2", or dithiothreitol alone display 60-100% activity and show entirely different Mossbauer features. We propose that the latter activation procedures convert the [3Fe-3S] cluster into a structure that has a [4Fe-4S] core.
In the present report, we limit ourselves to observations concerned with the process and consequences of reductive activation and oxidative deactivation of the enzyme. Conditions pertaining to the catalytic action of the enzyme will be considered elsewhere.
MATERIALS AND METHODS
Aconitase was purified from beef heart as reported (8) with minor modifications. Analytical methods and EPR spectroscopy were as in ref. 9 and yielded results as in refs. 8 and 7 respectively. Activations were carried out anaerobically; for routine assays (10), 0.1 mM ferrous ethylene diammonium sulfate and 5 mM dithiothreitol were used, and Mbssbauer and EPR samples were prepared as desired for the specific purpose. Anaerobic procedures followed the outlines ofref. 11 with appropriate modifications.
Although enzymatic assays for aconitase activity are simple and reproducible, it must be kept in mind that drawing a representative aliquot from a Mossbauer sample (200-700 mg of protein per ml) kept under specific conditions (usually anaerobic) is In addition to the doublet structure attributed to the reduced [3Fe-3S] cluster, the spectrum in Fig. LA shows the presence of a broad and featureless component that has a magnetic splitting characteristic of[4Fe-4S] clusters in the + 1 oxidation state. Examination of the sample by EPR showed the presence of a species with g1 = 2.06, g2 = 1.93, and g3 = 1.86. After we became aware ofthe "g = 1.94" type signals in dithionite-reduced aconitase, we examined all our samples with EPR. We observed this species and, depending on the buffer, additional similar species in all preparations, albeit in different concentrations (10-25%). The sample of Fig. 1 had the largest g = 1.94 component we have observed in a Mossbauer spectrum. One ofour preparations gave only the spectrum attributed to the [3Fe-3S] center; there was no evidence for the presence of a g = 1.94 species (see figure 2 of ref. 3) .
After discovering the g = 1.94 species in reduced aconitase, we searched for conditions that minimized the concentration of these species. Decreasing the pH from 7.5 to 6.5 prevented the formation. Moreover, g = 1.94 signals were not observed when aconitase was reduced with dithiothreitol. The M6ssbauer spectrum of such a sample yielded a surprise. A diamagnetic species rather than a paramagnetic [3Fe-3S] cluster was observed! We present these findings below.
Oxidized Aconitase. Beef heart aconitase, as isolated, exhibits an EPR signal centered at g = 2.01 (7). We will refer to this material as oxidized aconitase. The Mossbauer spectrum of an oxidized sample recorded at 85 K showed a single quadrupole doublet with linewidth 0. (1982) K. For a site with A > 0, the internal field associated with the (Si) = -1/2 state will be positive. Thus, the applied field will aid Hi.,, and the magnetic splitting will increase with increasing strength of the applied field. On the other hand, the splitting decreases with increasing applied field if A < 0.
High-field Mossbauer studies (12) have established that two pairs of iron sites occur in oxidized high-potential iron protein; two nearly identical sites have A > 0 whereas A < 0 for the remaining sites. The 6-T spectrum shown in Fig. 2B contains an outward moving component-i.e., a site with A > 0 in oxidized aconitase. The spectral simulation shown in Fig. 2B The dithionite-reduced sample that gave the spectra of Fig.  1 had 5% activity. (This is somewhat less than normally observed.) After the Mbssbauer experiments were completed, the sample was thawed and activated by adding 'Fe. After an incubation time of 60 min, the activity had increased to 75%, and the sample was frozen. The spectrum of the activated sample (Fig. 3A) Fig. 3A .
In Fig. 3B we present a spectrum of a sample treated as the 'Fe-activated sample except that 57Fe (>90% enrichment) was used for the activation procedure. The spectrum shows the presence of two species. One This species is also observed (Fig. 3C ) when apoaconitase is incubated with dithionite/Fe2 ; thus, the doublet that has AEQ 3.2 mm/s reflects the activating Hepes/Fe2+ system. Of particular interest is the sharp doublet (labeled a) in the center of the spectrum of Fig. 3B . The values of AEQ = 0.80 mm/s and 6re = 0.45 mm/s suggest three possibilities. First, the doublet could reflect a high-spin ferric (S = 5/2) ion with fast electronic spin relaxation. Spectra taken in strong applied magnetic fields, however, show that this doublet is associated with a diamagnetic (S = 0) complex, thus ruling out a ferric site.
The Mossbauer parameters and the observed diamagnetism are compatible with a low-spin ferrous site. We have therefore studied four control samples obtained by incubating, just as with aconitase, 57Fe/dithionite with Hepes/Tris/bovine serum albumin/apoaconitase (Fig. 3C) supported by the reappearance of the g = 2.01 signal and by the Mbssbauer spectrum ofan 57Fe-activated sample reoxidized with Co-phenanthroline. The spectrum shows that virtually all 57Fe (which had been incorporated on activation) was removed from the protein, leaving a structure giving a g = 2.01 signal. Thus, the 57Fe is added to and removed from a specific site. This is also in agreement with the observation that the iron ofdoublet a exchanges quite rapidly.
It has been reported (14) that iron is not obligatory for activation of aconitase. We have activated a sample with dithiothreitol for a Mossbauer study. The spectrum showed again that a diamagnetic cluster had been formed. We believe that the required iron (and sulfide?) is mainly obtained from cannibalization ofsome 3Fe clusters. Significantly, only 70% ofmaximal activity is attained and very long activation times are required. Clearly, however, the iron and sulfur stoichiometries need further attention.
One obvious question arises from this work. Is the conversion to a [3Fe-3S] cluster an attribute of the aconitase mechanism or is this cluster merely an artifact of the aerobic isolation procedure? The possibility of converting a [4Fe-4S] cluster into a 3Fe cluster has been suggested by recent magnetic CD studies of ferricyanide-oxidized 2[4Fe-4S] Fd from Clostridium pasteurianum (15) . Stimulated by our aconitase results, we embarked on a program to study cluster interconversions in D. gigas Fd (unpublished results). We found that the 3Fe center of Fd II can easily be converted into a [4Fe-4S] cluster by incubating the protein with dithiothreitol, Fe, and dithionite. Moreover, we have observed that the [4Fe-4S] cluster can be reconverted into a 3Fe center by treatment with ferricyanide. Finally, our Mossbauer studies showed that a substantial fraction of[4Fe-4S] clusters are transformed into 3Fe clusters when the samples are reduced with dithionite in buffers ofhigh ionic strength. These observations do not answer the questions posed above. They indicate, however, the facility of such cluster interconversions.
This study raises a more general question. Are 3Fe clusters biologically active structures or are they the result of oxidative damage to [4Fe-4S] clusters? It is premature to suggest a definitive answer. It is worth noting, however, that 3Fe clusters can be quite stable in the presence of oxygen. Thus, proteins that have a [4Fe-4S] cluster that is easily converted into a 3Fe cluster can escape irreversible damage from exposure to oxygen. It is tempting to speculate that such cluster transformation might be the root of the oxygen stability ofsome hydrogenases.
